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Droplet Capable Conductivity Probe. Major Professor: Mamoru Ishii. 
 
 
This research focus on experimentally studying the performance of the newly designed 
Droplet Capable Conductivity Probe (DCCP).  
A literature review is performed to illustrate the development of current two-fluid 
model and interfacial area transport equation. Previous conductivity probe instrumentation 
is also reviewed. The limitations of current conductivity probe design are described and 
the necessity of developing DCCP is illustrated. 
The concept of DCCP-2 and DCCP-4 are introduced and experiments are performed 





CHAPTER 1. INTRODUCTION 
1.1 Motivation of research  
Two phase flow, as its name suggests, is a common phenomenon which gas phase 
and liquid phase exist together in a fluid. The application of study of two-phase flow 
appears in various industry fields such as nuclear engineering and chemical engineering. 
Take the nuclear engineering industry as an example, accurate prediction and description 
of two phase flow phenomenon is of great importance in the design and safety analyses of 
nuclear power utilization. The key factor that distinguish the two-phase flow between 
single-phase flow is the interface. To study two-phase flow, one should not only consider 
the characteristics of two separated phases, but also the transportation passing through the 
flow interface. Because the interface is deforming and moving always, describing and 
modeling the two-phase flow problem become even more complicated. 
 
Among existing models which describe the two-phase flow very well and have broad 
applications, the drift-flux model (Zuber & Ishii. 1977; Takashi Hibiki 2002) and the two-
fluid model (Ishii, 1975; Ishii & Mishima. 1984). The drift-flux considers the flow as a 
whole mixture and simplifies the field equations by using mixture momentum equation and 
energy equation. This model works efficiently when the two phase is strongly coupled and 




However, the drift flux model still remains to under developing for that it relies on 
experimental correlations. The two-fluid model was developed on the basis of drift model. 
It gives complete field equations (conservation of mass, momentum and energy) and relate 
the two phase by interfacial transfer conditions. In two-fluid model, the interfacial 
behaviors can be described by the multiplication of interfacial area concentration (IAC) 
and local interfacial transfer rate. The relation between interfacial area concentration and 
interfacial transfer mechanisms can be then described by the Interfacial Area Transport 
Equations (IATE). However, the IATE is still under developing because the mechanism of 
changing of interface is different as the flow regimes varies. Different flow regimes needs 
different expressions of source and sink term to describe. Previously, plenty of work have 
been done from bubbly flow regime up to churn flow regime, where the flow is gas-
dispersed.  
 
Up to now, very few efforts has been put into the liquid-dispersed flows and the 
transfer regime because the current measurement method of interfacial area concentration 
within these regime has its limitation. The current instrument cannot accurately measure 
the local parameters of liquid-dispersed two phase flow. Therefore, in order to complete 
the development of IATE, it is necessary to develop a new instrumentation method to 
collect enough data for the target flow regimes. 
 
1.2 Research objective 
The Bettis Atomic Power Laboratory of Bechtel Marine Propulsion Corporation is 




facility located in the Thermal Hydraulics and Reactor Safety Laboratory of Purdue 
University. The objective of the current step is to extend the experimental study and 
modeling of IATE to liquid-dispersed flow regime, namely from churn-turbulent flow 
regime, to annular flow regime. 
 
According to the current situation, the development of new instrumentation method 
is needed as the very first step. Previously, the miniaturized four-sensor conductivity probe 
is widely used to collect time averaged local parameters such as local void fraction, 
interfacial area concentration, bubble number and velocity etc. This kind of probe utilizes 
the different impedance of gas phase and liquid phase to generate electronic signals which 
can be collected and analyzed by computers. However, because of the design mechanism, 
this kind of probe cannot measure the droplet inside a large bubble thus the measurement 
will have very large area. To overcome this disadvantage, Ishii and Liu. 2011 improved 
the design of current miniaturized four-sensor conductivity probe to make it capable of 
detecting droplets. The new probe is thus named as Droplet Capable Conductivity Probe 
(DCCP). Before this thesis, some of the benchmark work has been down by Yang et al. to 
verify the feasibility of new probe design.  
 
The objective of the current study is to verify the ability of the DCCP to accurately 
measure various flow conditions, and to verify that it is capable of measuring the interfacial 
area concentration due to the presence of droplets. It will be benchmarked by comparison 
of DCCP measurements with measurements made by conventional conductivity probes, as 




1.3 Thesis outline 
In Chapter 2, a review of state of the art will be given and the new DCCP design will 
be introduced. Chapter 3 will first describe the previous benchmark work which shows the 
feasibility of probe design, and then demonstrate the detail setups of current benchmark 
experiment. The experiment results will be discussed in Chapter 4. Finally, chapter 5 will 





CHAPTER 2.  RESEARCH BACKGROUND 
2.1 Review of state of the art 
2.1.1 Two-fluid model and interfacial area transportation equation 
Two-fluid model was first illustrated completely by Ishii and Mishima, 1975. It 
consists of 6 field equations which describe the mass, momentum and energy balance of 
each phase, and 3 interfacial transfer conditions that relate the two phase closely to each 
other. The field equations can be expressed as following: 
Continuity equations:  
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These six balance equations along with constitutive equations of state and entropy 
inequality can be used to describe all kinds of macroscopic two phase flow and unlike the 




or not. Therefore, the two-fluid model can be described as the most detailed and accurate 
model along the existing two phase flow models. 
In two-fluid model, the two phases are connected by the interfacial transfer terms 
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All these interfacial transfer terms can be further expanded to a similar expression: 
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∆ ∑ , all the interfacial 
transfer rate can be then expressed as interfacial area concentration times drive force. 
Therefore, interfacial area concentration becomes an extremely significant parameters in 
describing the transport phenomena within phase change. Also, from the expression of the 





Previously, the interfacial area concentration was modeled with a closure relation 
with flow regime. However, this method has an obvious disadvantage that the static flow 
regime is difficult to quantify mathematically. To overcome the problem, 
Kocamustafaogullari and Ishii 1995 indicated that the change of interfacial area 
concentration is similar to the transport phenomenon, and developed the Interfacial Area 
Transport Equation based on the Boltzmann transport equation. Kim and Ishii 2004 revised 
the IATE as following: 
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In this equation, the third term of left hand side stands for change of interfacial area 
concentration due to volume change of fluid particles. The right hand side represents the 
source and sink of interfacial concentration within the control volume. For example, the 
typical source and sink of interface may be bubble break up due to surface instability or 
turbulent impact and coalescence due to collision or wake entrainment. Therefore, the 
modeling work of interfacial area concentration successfully convert to find every source 
and sink term within various kinds of flow regimes. At first, the bubbly flow was taken 
into consideration as the simplest since the bubble shape is nearly regular. All bubbles were 
considered as a whole group and the one-group IATE was established. Source and sink 
term expression was developed by Wu et al 1998 and Hibiki and Ishii 2000. However, 
because of the factor that the bubble shape and size are in a wide range within the two 
phase flow system, one-group model cannot account for complicated cases such as 




model that works for all bubble shape. Under such circumstance, the two-group IATE was 
established and the expression can be described as following: 
Group 1:  
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Bubbles are divided into two groups and the critical bubble size is determined by maximum 





 (Ishii and Zuber 1979) 
 
Based on this two group IATE model, many researchers put efforts on modeling 
work for various flow regime. Fu and Ishii 2002 classified all the bubble interaction 
mechanism required for two group IATE and Sun et al. 2004 further modified the model 
to make it applicable to the Bettis rectangular channel test section. Currently, all these 
models have been benchmarked by experiment data. However, because of the current 
instrument limitation, data for liquid dispersed flow regimes such as churn-turbulent flow 
and annular flow are still inadequate. Further extension of two group IATE and 
establishment of the framework to handle the transition from gas-dispersed to liquid-





2.1.2 Development of conductivity probes 
The conductivity probes are widely used nowadays for two-phase flow 
measurement. The measure mechanism of this kind of probes is to utilize the difference 
conductivity of water and gas. Because of this difference, if a voltage difference is applied 
to the probe, the probe will give a various electronic signal to tell whether it is contacting 
liquid phase or gas phase. Neal and Bankoff, 1963 first applied this kind of instrumentation 
method into two-phase flow measurement. They obtained the local time-averaged void 
fraction using a single-sensor probe to measure the bubble residence time. Using a double-
sensor probe, the interfacial velocity and bubble characteristics could be measured 
(Burgess and Calderbank, 1975; Herringe and Davis, 1976). Later, Kataoka and Ishii, 1986 
developed a sound mathematical formulation based on statistical analysis was developed 
that allows a double-sensor probe to measure the interfacial area concentration in bubbly 
flows where the flow is composed mainly of small, nearly spherical particles. This type of 
probe was thoroughly benchmarked to evaluate its performance by Revankar et al, 1992. 
Hibiki et al. 1998 modified the formulation and gave a clearer mathematical expression of 






Figure 2.1 Schematic Drawing of double-sensor probe 
 
The measuring mechanism of double-sensor probe can be simply explained like this: Both 
two sensors are exposed only at the tip and insulated by a dielectric coating elsewhere. 
When building the probe, the distance between two probe sensors is recorded. The typical 
distance between the leading sensor and trailing sensor is 2 mm. Once a bubble interface 
is hitting the probe, it will hit the leading tip and trailing tip successively. The resistance 
within the probe circuit will be changed and thus generate an electronic signal. Therefore, 
a single bubble interface will generate two signals with a time delay. Figure 2.2 illustrates 
the time delay of double-sensor probe signals. The circuit will be closed if the sensor is in 
contact with continuous liquid phase and open if the sensor is surrounded by the gas phase. 
The voltage output of the circuit can then be used as an identifier to distinguish the liquid 
and gas phases. The voltage signals can be processed to obtain basic two-phase flow 




other measurement methods, including high-speed video, has shown that the probe 
accuracy can be within ±10% (Revankar et al., 1992; Wu et al., 1999). 
 
Figure 2.2 Illustration of two sensor probe signal time dealy by Hibiki 1998 
 
However, a major limitation exist for the double-sensor probe. The two sensor 
probe can only measure the bubble velocity component along one direction and the other 
is its application range. Because of the assumptions required to calculate interfacial area 
concentration, the double-sensor probe only can be applied to bubbly flows.  It is unable to 
accurately determine interfacial area concentration in slug and churn-turbulent flows due 
to the deformability of the interface of larger bubbles and the fact that those interfaces may 
not behave in a statistically predictable manner.  In theory, the double-sensor probe should 
be able to provide reasonable measurements for droplet interfacial area concentration. 




continuous liquid phase and the droplets that can be present in churn-turbulent and annular 
flows are not measurable. Despite this application limitation, the conventional double-
sensor probe has been proved to be a well-established instrument for two-phase flow 
measurement.  
 
To overcome the limitation of flow regime application range, many researchers 
came to a similar idea that is adding more sensors to the conductivity probe. As early as in 
1986, Kataoka and Ishii has already demonstrated a method as shown in Figure 2.3, which 
combines three double-senor probes together to get a more accurate expression of 
interfacial area concentration: 
1
2 2 2 2
1 2 3
1 1 1 1t
i
j s j s j s j
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v v v
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 This kind of 
three probes combination method was the precursor of the four-sensor probe. 
 
 





The four-sensor probe does not need any statistical bubble shape assumption. Time 
average local void fraction and bubble Sauter mean diameter were measured using such 
kind of multi-sensor probes by Burgess and Calderbank, 1975 and Buchholz et al. 1983 to 
get the flow interfacial area concentration. Later Revankar and Ishii proposed a typical four 
sensor probe design shown in Figure 2.4.  
 
 
Figure 2.4 Typical four-sensor probe design by Revankar and Ishii 1993 
 
Since it is hard to measure all three interfacial velocity in an orthogonal coordinate, the 
sensor of the probe is arranged to be symmetric and the direction cosines of sensor tips are 
obtained. The distance between leading sensor and each trailing sensor is set to be about 4 




trailing sensors become very big. Despite of these defects, this kind of four-sensor probe 
works efficiently from bubbly flow regime up to churn turbulent flow regime. 
 
To overcome the disadvantage of the four-sensor probe, a miniaturized four-sensor 
probed was invented in TRSL of Purdue University by Kim and Ishii 2000. Figure 2.5 
shows the structure of this newly designed four-sensor probe.  
 
Figure 2.5 Schematic design of miniaturized four sensor probe 
 
Similar to that of the double-sensor probes, the four-sensors are all exposed only at 
the tip and insulated by a dielectric coating elsewhere. The typical distance between the 
leading sensor and trailing sensor is 2 mm. The circuit will be closed if the sensor is in 
contact with continuous liquid phase and open if the sensor is surrounded by the gas phase. 







and gas phases. The voltage signals can be processed to obtain basic two-phase flow 
parameters such as void fraction and interfacial area concentration. 
 
By reducing the cross section area of exposed sensors to about 0.2 mm2, the 
possibility of missing bubble (a bubble miss one of the three trailing sensors after hitting 
the leading sensor) is decreased significantly. The probe’s disturbance to the surrounding 
flow is also reduced and the range of measurement extend from 1mm diameter sphere 
bubble to large cap and slug bubble. Since the calculation expression of interfacial area 
concentration considers only the direction cosines, the three trailing sensor can be built 
arbitrarily as long as no three sensor tips are in the same line, which largely reduce the 
difficulty of manufacturing process. 
 
The miniaturized four sensor has been proved as an efficient instrument for two 
phase flow measurement. Systematic benchmarking against optical fiber probe (Le Corre 
2003), has shown that the conductivity probe void fraction uncertainty is within ±7%, and 
bubble velocity uncertainty is within 12%.  
 
However, current conductivity probes could not distinguish droplets from the 
continuous liquid phase due to design limitations. In conventional probe design, the probe 
casing is made of stainless steel and is acting as a ground sensor in the probe circuit. When 
the target flow regime is in gas dispersed condition, the liquid remains continuous and the 
probe works in normal condition. However, large error may occur when the flow becomes 




because the liquid phase is not continuous, the probe circuit is still opened and the signal 
generated by the probe will show as if it is still in gas phase. Under this condition, the void 
fraction and interfacial area concentration will have large error because of the missing 
detection of droplets.  
 
2.2 Droplet capable conductivity probe 
In order to overcome the limitation of miniaturized four sensor probe, and to extend 
the flow data base to the churn-turbulent flow and annular flow regime as the Bettis 
laboratory’s project demanded, the Droplet-Capable-Conductivity-Probe (DCCP) is 
developed in TRSL. The concept of such kind of probe was first proposed by Ishii and Liu 
2011.  
 
2.2.1 Probe design 
The development of DCCP is similar to the predecessor. At first the DCCP consist 
of two sensor, namely the DCCP-2, was testified to verify the feasibility. After that, two 
more sensor was added to it and the DCCP-4 came to the ground. The design of both two 
kinds of DCCP is described below in detail. 
2.2.1.1 Design of DCCP-2 
The DCCP-2 is developed on the basis of the conventional double sensor probes. 








Figure 2.6 Schematic design of DCCP-2 
 
The most significant change of DCCP-2 is the addition of the common sensor near 
the probe tips. The function of this common sensor is to make phase identification. It is 
just acting as the ground electrode of previous conventional probe. This additional sensor 
does not include the insulation coating so that when a droplet is on head hitting the sensor, 
the circuit will be closed just as it is when the probe is in contact with the continuous liquid. 
The leading and trailing sensor are remained so that the new design can also function as 
that opposed to the conventional double- and four-sensor probes. 
 
In the new design, the casing of the probe is partly insulated and an additional wall 
sensor is installed inside the test section. Since the wall sensor is always surrounded by the 












be known by checking the impedance between the common sensor and the wall sensor. 
Figure 2.7 shows the installation of wall sensor. 
 
Figure 2.7 Wall sensor installation 
 
For liquid particles separate from the film like small droplets, such connections do 
not exist. While for liquid bridges and ligaments extending from the base film, a connection 
is established between the common sensor and the wall sensor hence the probe detects a 
low impedance signal. Therefore the continuous and dispersed liquids can be distinguished 
by the new probe design.  
 
The DCCP-2 produces three signals: the leading and trailing sensor signals that 
allow identification of the phase and measurement of the interfacial velocity as well as a 
third signal that identifies the liquid phase as either droplet or continuous liquid. The circuit 

















Figure 2.9 Imaginary signal of DCCP 
 
The second major change from the conventional probe design is the reduction of 
the sensor distance, from 0.7 mm to 0.15 mm in the lateral direction, and from 2.5 mm to 
0.75 mm in the axial direction. The diameter of the acupuncture needles used for the 
DCCP-2 is 0.12 mm, which is much smaller than the 0.3 mm diameter needles used for 
conventional double sensor probes. The typical distance between leading sensor and 
training sensor for the DCCP-2 is 0.75 mm. This change enables the probe to measure even 
smaller particles and reduces the number of “missing bubbles” which are only detected by 





2.2.1.2 Design of DCCP-4 
The DCCP-4 is basically a DCCP-2 plus two additional trailing sensors. Simply 
speaking, the DCCP-4 is an extension of DCCP-2. Just like the evolution from 
conventional double two sensor probe to four sensor probe, by adding two more sensors, it 
enables researchers to measure the bubble interfacial velocity and interfacial area 




Figure 2.10 Schematic design of DCCP-4 
 
 
The diameter of the needles used for the DCCP-4 is 0.12 mm. The typical distance 









different from the previously proposed distance 0.75 mm. This is because the probes with 
distance of 0.75 mm do not have sufficient velocity resolution due to the high speed of the 
flow for some experimental conditions in the current study. The distance between two 
adjacent sensors is 0.8 mm. Therefore, for the current experiment, the probe size for DCCP-
4 and conventional four-sensor probe are very similar. The only difference is that DCCP-
4 has one additional phase signal.   
 
Similar to DCCP-2, in order to identify the liquid phase as either continuous liquid 
or droplet, an interface signal is implemented by installing a wall sensor into the test section 
submerged in the liquid film. Thus the DCCP-4 produces five signals: the leading and three 
trailing sensor signals that allow identification of the phase and measurement of the 
interfacial velocity as well as a fifth signal that identifies the liquid phase as either droplet 
or continuous liquid. 
 
2.2.2 Benchmark strategy 
In order to testify the feasibility of droplet capable conductivity probe, benchmark 
experiment should be performed. The benchmark strategy is introduced as following: First, 
the manufacture procedure and proof of measurement principle is discussed (Ishii, Liu et 







Table 2-1 DCCP benchmark strategy 
 Facility  DCCP-2 DCCP-4 
Step 1 Droplet generator 
Flow pattern Large droplet N/A 
Instrumentation High speed camera Global flow rate N/A 
Step 2 8x8 rod bundle 






Step 3 2.54 cm round pipe 










5.08 cm round pipe 






Before the work of this thesis, step 1 to step 3 have been finished by Yang and Ju, 
2012 in TRSL. The summary of their benchmark work will be introduced in the first part 
of next chapter. The major task of this thesis is to test the DCCP-4 in round pipe facility 
and narrow channel facility. Experiment setup will be introduced in the second part of next 
chapter and results will be discussed in chapter 4. Since the accuracy and capability for 
conventional four-sensor-probe have been long probed, the major strategy of DCCP 




CHAPTER 3. BENCHMARK EXPERIMENTATIONS 
3.1 Previous benchmark works 
Among all the steps of benchmark works, step 1 and 2 has been finished before this 
thesis by Ishii et al. 2012. The detail of these benchmark work can be found successively 
in Purdue report PU_NE 10_27 and PU_NE_13_01. 
 
In benchmark work step 1, a droplet setup device was built to generate liquid droplets 
of various velocities and diameters. The DCCP-2 was mounted on a three direction 
traversing position stage to measure the droplets from various locations. Two tests were 
performed to verify the capability of DCCP-2 to measure both transient and long term time-
averaged statistics signal accuracy. In the first test, a digital high speed camera was used 
to capture the transient image of the target droplet which is penetrating the probe, and the 
signals generated by DCCP-2 was simultaneously collected and analyzed. By comparing 
the DCCP-2 measurement results to the high speed camera image, it shows that the droplet 
parameters are consistent. The error analysis shows the measurement error of individual 
droplet increases with the distance between probe and droplet centroid. In the second test, 
signals from DCCP-2 was collected relatively long period of time (180s) and the stable 
statistics parameters was established. The result was compared with both high speed 




transducer. It came out that the DCCP-2 has a feasibility to measure the time averaged 
droplet parameters such as droplet fraction and size interfacial velocity, interfacial area 
concentration and flow rate. The relative error compared with other global measurement 
would be within ±5%.  
 
In benchmark step 2 and step 3, DCCP-2 was applied to various regimes and its 
performance in different test sections was evaluated. 8x8 rod bundle facility and one inch 
round pipe facility were utilized. The 8x8 rod bundle experimental facilities are located in 
the Thermal-hydraulics and Reactor Safety Laboratory (TRSL) at Purdue University and 
was constructed for previous research sponsored by the United States Nuclear Regulatory 
Commission (US NRC) (Ishii et al., 2009). The annular flow condition was tested. The 
probe location can be seen from figure 3.1. Here only one quarter of the test section was 






Figure 3.1 Probe location for rod bundle test section 
 
 
Figure 3.2 to Figure 3.4 show the void fraction comparison measured by both DCCP-
2 and conventional double sensor. According to the figures, it is obvious that DCCP-2 
always detects a lower fraction. The capability of detecting the droplets can explain the 





Figure 3.2 Comparison of void fraction measurement at M1 location 
 
 












Table 3-1 shows the flow condition for a downward bubbly flow in one inch pipe 
facility. The probe was installed at L/D=133. Figure 3.5 and Figure 3.6 show the 
comparison of void fraction and interfacial area concentration measured by two kinds of 
probes. As we can see from the figure, the DCCP-2 probe detected a slightly higher void 
fraction and almost the same interfacial area concentration. It should be mentioned that the 
experiments was not performed simultaneously for that only one probe was installed to the 
test section. This is due to the consideration of probe block and influence to the down ward 
flow. Thus the flow condition may not be exactly the same but are very similar. 
 
 
Table 3-1 Test condition for DCCP-2 in downward bubbly flow  
water flow rate gpm 18.4 
air flow rate scfh 4.5 
back pressure psig 0 
pipe inner diameter inch 1 
local pressure psig 3.5 
total water flow rate m3/s 1.16x10-3 
<jf> m/s 2.289 
















Figure 3.7 shows the Sauter mean diameter measurement comparison. As could be 
seen from the figure, the DCCP-2 get a larger bubble size measurement. This also matches 
with the higher void fraction measure result.  
 
Figure 3.7 Comparison of Sauter mean diameter measurement in bubbly flow  
  
Figure 3.8 shows a comparison of numbers of bubble detected by both kind of 
probes. The effective bubble means a bubble contact all the sensors without missing any 
of needles. According to the results, the DCCP-2 detects more bubbles and have fewer 
missing bubble. The reduced distance between leading sensor and trailing sensor and the 





Figure 3.8 Comparison of bubble number measurement in bubbly flow 
 
 According to the benchmark experiment results showing above, the concept of 
DCCP-2 is proved to be feasible and the performance of DCCP-2 in various test section 
under various flow condition is comparable and somehow better than conventional double-
sensor probe.   
 
3.2 Experiment setups 
The current effort is to extend the benchmark experiments and apply the DCCP-2 
concept to verify the DCCP-4 in test sections with various geometry to see its performance. 
The experiments are performed in the NRC one inch round pipe facility and Bettis narrow 
rectangular channel facility. The measurement results are compared to conventional four-





3.2.1 Experiment facilities and instrumentations 
3.2.1.1 Round pipe test section 
The experimental facility for downward flow is a vertical air-water two-phase flow 
system. The schematic of the system is shown in Figure 3.9 and a photo of test section is 
shown in Figure 3.10. The facility consists of three main components: the liquid and gas 
supply systems, the injection system, and the test section.  
 
Liquid flow is provided by a 25 hp centrifugal pump, and the flow rate is measured 
using a magnetic flow meter with a measurement accuracy of ±1% of the measured value.  
Gas flow is supplied by a compressed air system maintained at a pressure of 140 psi (965 
kPa) and controlled by a regulator and a system of valves.  The gas flow rate is measured 
using rotameters with an accuracy of ±3% of the full range, and four rotameters with 
differing measurement ranges are used to provide accurate measurement over a wide range 
of flow rates. The detailed ranges and errors of rotameter measurements are shown in Table 
3-2 Range and absolute error of gas flow rotameters in round pipe test section. 
 
 
Table 3-2 Range and absolute error of gas flow rotameters in round pipe test section 
Rotameter # Range (SCFH) Absolute error (SCFH) 
1 5-50 ±1.5 
2 0.5-5.0 ±0.15 
3 3-20 ±0.6 






In the injection system, porous metal spargers with pore size of 10 μm are used to 
generate uniformly sized bubbles with diameters of 1-2 mm at the inlet of test section. 
Secondary liquid flow is applied inside an annulus surrounding each sparger to provide 
rough control of the initial bubble size.  Primary liquid is injected outside of the annuli, 
and the primary and secondary flows mix just prior to the test section inlet. 
 
The test section is a round acrylic pipe with a two inch internal diameter. The 
transparent acrylic material allows visualization. The height of this test section is 3.81 m, 
corresponding to non-dimensional length scale L/D of 75. For benchmark experiments, 
local data are collected at height of z/D = 67 where z is the axial location measured from 
the inlet at the top of the test section. Considering the upstream probe may block and affect 
the flow, only one probe was installed into the test section at one time. Each comparison 

















3.2.1.2 Narrow channel test section 
The narrow channel test loop, shown in Figure 3.11 and Figure 3.12, was designed 
and constructed at TRSL under the sponsorship of Bettis Atomic Power Laboratory.  
Liquid flow is provided by a centrifugal pump and measured by a magnetic flow meter 
with accuracy of ±1% of the measured value.  Gas flow is provided by a compressed air 
system and is measured using a set of rotameters. The range and the absolute error of gas 
flow rotameters are listed in Table 3-3. 
 
Table 3-3 Range and absolute error of gas flow rotameters in narrow channel facility 
Rotameter # Range (SCFH) Absolute error (SCFH) 
1 3-20 ±0.6 
2 10-100 ±3.0 
 
 
This test facility also includes an injection system, with the liquid flow injected 
around porous metal spargers.  Above the injector is a test section.  The flow channel is a 
rectangular cross section 200 mm in length and 10 mm in width.  It is constructed of 
transparent acrylic to allow flow visualization.  The total height of the test section is 291 
cm. There are 6 ports which are able to install the conductivity probes. Port 1, 3 and 5 are 
located at the narrow side of the test section while port 2, 4, and 6 are located at the wide 
side.  For the DCCP-4 benchmark, since data were collected only at the center line of the 
test section, the side port 3 was used and the axial location was z/Dh = 88.2. Figure 3.12 
















Pressure at the measurement port is measured by a differential pressure transducer 
with an accuracy of ±0.25% of the full measurement range. The pressure transducer ranges 
in all four test conditions are 0~40 kPa, and the absolute error is ±0.1kPa. 
 
3.2.2 Test matrices 
The capability of DCCP measuring downward flow has already been verified in 
DCCP-2 benchmark by Yang et al. in previous work. Considering that the downward flow 
is more unstable and sensitive to flow condition, and the theory flow regime map for 
upward flow has been developed by Mishima and Ishii 1984 successfully, this time only 
upward flow experiments are performed for both type of test section. 
 
To verify the capability of DCCP-4 in bubbly flow, slug flow, and churn-turbulent 
flow in round pipe test section, two bubbly and four cap-slug flow conditions are selected 
for comparison, and are indicated on the flow regime map in Figure 3.13 as black squares. 
The nominal and local test conditions are also tabulated in Table 3-4. The black line is the 
flow regime transition boundary (Mishima and Ishii, 1984).  The experiments were 







Figure 3.13 DCCP-4 test condition for round pipe upward flow 
 
 
Table 3-4 Test conditions for DCCP-4 round pipe experiments 
Run # 
<jf> <jg0> Pback Plocal <jg_local> 
[m/s] [m/s] [psi] [psi] [m/s] 
Run 1 0.20  0.069 7.5 3 0.07  
Run 2 0.20  0.454 7 1.5 0.50  
Run 3 0.40  0.482 7 2.5 0.50  
Run 4 2.00  0.520 11 5.5 0.50  
Run 5 0.20  1.928 13.5 1 2.50  





Cap-turbulent and churn-turbulent flows are also investigated in the narrow channel 
test facility. The test conditions are shown in Figure 3.14, where the test conditions are 
denoted by black squares. The four test conditions are chosen to be the same as those tested 
during previous research (Ishii et al, 2000). The dashed line shows the transition between 
bubbly to cap and cap to churn-turbulent flow based on neural network analysis.  The black 
solid line denote the transition between the churn-turbulent flow and annular flow based 
on the model of Mishima and Ishii (1984). Table 3-5 shows the test conditions for upward 
flow experiments.  
 
The range of the differential pressure transducer was set from 0 to 50 kPa. The 










Table 3-5 Test conditions for DCCP-4 narrow channel experiments 
Run # 
<jf> <jg0> Pback Plocal <jg_local> 
[m/s] [m/s] [psi] [psi] [m/s] 
Run 8 0.20  0.321 8.1 3.683829 0.32  
Run 12 0.20  0.811 10.2 4.22045 0.82  
Run 16 0.40  0.563 7.5 3.46628 0.56  




CHAPTER 4. RESULTS AND DISCUSSIONS 
4.1 DCCP-4 benchmark 
In downward round pipe downward flow test, according to previous DCCP-2 
experiment results, the round pipe data is more or less symmetric and the measurements in 
the near-wall region is more accurate. Therefore measurements were performed across half 
of the pipe. The first measurement point is set adjacent to the wall, with the distance 
between leading sensor and the wall being measured to be 0.063 inch. The first step size is 
set to be 0.037 inch, and all other step sizes are 0.1 inch. In this way, the eleventh point is 
right at the middle of the cross-section. For narrow channel upward flow test, learning from 
the results for DCCP-2 benchmark, this time the probes were installed from the side port 3 
where the axial location was z/Dh = 88.2 to collect just the centerline data. Only one probe 
was installed once a time, the location of the first three points are 3mm, 6mm, 10mm and 
the step size for the next 9 points is 10 mm. The data collecting frequency for both the 
conventional four-sensor probe and DCCP-4 measurement is 40 kHz. The sample period 




4.1.1 Two inch round pipe downward flow tests 
Figure 4.1 through Figure 4.24 show comparisons of local void fraction, interfacial 
area concentration, bubble velocity and bubble frequency measurements. This time, the 
test condition is extended to cap-bubbly flow and churn-turbulent flow region, so that the 
one group IATE is not applicable and bubbles are divided into two groups. The data 

























































































































































































Figure 4.3 Comparison of bubble velocity measurements for Run 1 
 






























































Figure 4.4 Comparison of bubble frequency measurements for Run 1 
 

































































Figure 4.5 Comparison of void fraction measurements for Run 2 
 


















































































Figure 4.6 Comparison of interfacial area measurements for Run 2 
 


























































































Figure 4.7 Comparison of bubble velocity measurements for Run 2 
 
































































Figure 4.8 Comparison of bubble frequency measurements for Run 2 
 

































































Figure 4.9 Comparison of void fraction measurements for Run 3 
 
 
















































































Figure 4.10 Comparison of interfacial area measurements for Run 3 
 


























































































Figure 4.11 Comparison of bubble velocity measurements for Run3 
 






























































Figure 4.12 Comparison for bubble frequency measurements for Run3 
 



































































Figure 4.13 Comparison of void fraction measurements for Run 4 
 
















































































Figure 4.14 Comparison of interfacial area measurements for Run 4 
 
































































































Figure 4.15 Comparison of bubble velocity measurements for Run 4 
 






























































Figure 4.16 Comparison of bubble frequency measurements for Run 4 
 
 




































































Figure 4.17 Comparison of void fraction measurements for Run 5 
 



















































































Figure 4.18 Comparison of interfacial area measurements for Run 5 
 


























































































Figure 4.19 Comparison of bubble velocity measurements for Run 5 
 
































































Figure 4.20 Comparison of bubble frequency measurements for Run 5 
 




































































Figure 4.21 Comparison of void fraction measurements for Run 6 
 


















































































Figure 4.22 Comparison of interfacial area measurements for Run 6 
 


























































































Figure 4.23 Comparison of bubble velocity measurements for Run 6 
 


































































































































In all figures, the DCCP-4 measurements agree very well with conventional four-
sensor probe measurement, except the interfacial area concentration measurement assigned 
to each bubble group. The total interfacial area concentration, however, is closely matched.  
The DCCP-4 and conventional four-sensor probe experiment are performed without 
stopping the test facility, so the repeatability of the flow condition is guaranteed. This 
discrepancy is likely caused by differences in bubble classification between groups due to 
slight differences between the probes.  Small changes in probe geometry can affect how 
the bubble interacts with the probe and result in slight variation in the measured bubble 
chord length, which can then result in slightly differing assignments of bubbles into groups 
while preserving the total measurement.  
 
Table 4.11 through 4.16 include comparisons of the area-averaged quantities for all 
six tests. In these tables, the difference is calculated as the relative error between the DCCP-
4 and conventional four-sensor probe, with the conventional probe chosen as the reference. 










Table 4-1 Comparison of area-averaged measurements for Run 1 





















Group 1 643.7275 0.0402 60.5778 0.7323 3.8460 0.0310 
Group2 110.3916 0.0992 22.2399 0.6604 26.452 0.0689 
Total/Averaged 




Group 1 865.8404 0.0457 85.3269 0.5516 3.7289 0.0252 
Group2 104.4534 0.0797 16.5044 0.4803 26.365 0.0473 
Total/Averaged 
Data 970.299 0.1254 101.8312 0.5495 9.0247 0.0756 
 
Error 
Group 1 0.35 0.01 0.41 -0.25 -0.03 -0.19 
Group2 -0.05 -0.02 -0.26 -0.27 0.00 -0.31 
Total/Averaged 
Data 0.29 -0.01 0.23 -0.24 -0.07 -0.30 
Note: 1. Void fraction uncertainty is absolute difference. 2. Conventional probe measurement results 





























Group 1 4473.691 0.0744 103.0724 1.2178 4.1655 0.0945 
Group2 778.0636 0.3810 52.5780 1.1522 44.3189 0.4685 
Total/Averaged 




Group 1 4837.031 0.1014 98.6077 1.0867 4.3878 0.1121 
Group2 859.8524 0.3332 34.1336 0.9939 37.8984 0.3693 
Total/Averaged 
Data 5714.996 0.4346 132.7413 1.0608 14.6341 0.5069 
 
Error 
Group 1 0.08 0.03 -0.04 -0.11 0.05 0.19 
Group2 0.11 -0.05 -0.35 -0.14 -0.14 -0.21 
Total/Averaged 
Data 0.09 -0.02 -0.15 -0.13 -0.15 -0.15 
Note: 1. Void fraction uncertainty is absolute difference. 2. Conventional probe measurement results 






























Group 1 2431.166 0.0718 108.1221 1.5114 3.8354 0.1146 
Group2 339.4335 0.3134 41.8017 1.4507 45.885 0.4834 
Total/Averaged 




Group 1 2448.86 0.0780 108.7641 1.3096 4.208 0.1091 
Group2 325.3782 0.3090 42.3649 1.2274 46.8773 0.4114 
Total/Averaged 
Data 2774.238 0.3869 151.129 1.2703 15.0668 0.5338 
 
Error 
Group 1 0.01 0.01 0.01 -0.13 0.10 -0.05 
Group2 -0.04 0.00 0.01 -0.15 0.02 -0.15 
Total/Averaged 
Data 0.00 0.00 0.01 -0.16 0.02 -0.14 
Note: 1. Void fraction uncertainty is absolute difference. 2. Conventional probe measurement results 








Table 4-4 Comparison of area-averaged measurements for Run 4 




















Group 1 2869.06 0.0400 51.4000 3.1200 4.2200 0.1300 
Group2 745.930 0.1600 39.3700 3.1400 24.250 0.5400 
Total/Averaged 




Group 1 2662.34 0.0312 41.3181 2.5275 4.2241 0.0865 
Group2 919.954 0.1930 48.5725 2.6518 23.3044 0.5429 
Total/Averaged 
Data 3582.23 0.2242 89.8906 0 14.1151 0.6295 
 
Error 
Group 1 -0.07 -0.01 -0.20 -0.19 0.00 -0.32 
Group2 0.23 0.03 0.23 -0.16 -0.04 0.01 
Total/Averaged 
Data -0.01 0.02 -0.01 -1.00 0.14 -0.05 
Note: 1. Void fraction uncertainty is absolute difference. 2. Conventional probe measurement results 








Table 4-5 Comparison of area-averaged measurements for Run 5 




















Group 1 2372.266 0.0266 29.3372 4.7222 5.3632 0.1155 
Group2 1676.743 0.5998 75.7597 4.2081 46.3631 2.8417 
Total/Averaged 




Group 1 2108.515 0.0238 24.2267 3.9068 5.2047 0.0853 
Group2 1600.359 0.6221 94.0483 3.4909 45.5574 2.44 
Total/Averaged 
Data 3708.875 0.6459 118.275 3.8276 36.0374 2.7714 
  
Error 
Group 1 -0.11 0.00 -0.17 -0.17 -0.03 -0.26 
Group2 -0.05 0.02 0.24 -0.17 -0.02 -0.14 
Total/Averaged 
Data -0.08 0.02 0.13 -0.17 -0.01 -0.15 
Note: 1. Void fraction uncertainty is absolute difference. 2. Conventional probe measurement results 








Table 4-6 Comparison of area-averaged measurements for Run 6 




















Group 1 7126.544 0.0949 110.278 5.2395 5.6659 0.5227 
Group2 1680.308 0.3173 72.8018 6.2471 20.4245 2.0207 
Total/Averaged 




Group 1 5795.36 0.0900 85.970 5.0200 4.9300 0.4600 
Group2 1949.12 0.2900 90.690 5.8100 19.720 1.6900 
Total/Averaged 
Data 7744.48 0.4300 180.080 4.8700 16.0300 2.2500 
 
Error 
Group 1 -0.19 -0.01 -0.22 -0.04 -0.13 -0.11 
Group2 0.16 -0.02 0.25 -0.07 -0.03 -0.17 
Total/Averaged 
Data -0.23 0.02 -0.02 -0.08 -0.02 -0.04 
Note: 1. Void fraction uncertainty is absolute difference. 2. Conventional probe measurement results 






Take Run 6 as an example, the void fraction uncertainty is less than 2%, and the 
bubble velocity uncertainty is about 7.5%. The interfacial area concentration uncertainty 
for both group-1 and group-2 bubble is beyond 20%, yet the uncertainty cancels for total 
interfacial area concentration, which has an error of about 1.6%.  
 
Similar to that of DCCP-2 benchmark, the probe measurements are also compared 
with global measurement i.e., rotameter measurement of total gas flow rate. The local gas 
volumetric flux is calculated as  
g gj vα=  
The total volumetric flux is then calculated by numerically integrating the local values.  
The results of this analysis are shown in Table 3.2, which shows that the DCCP-4 
measurement represents a large improvement in the measurement of the total gas flux for 
most cases.  
 
 
Table 4-7 Gas flux measurements in downward flow using various methods 









1 0.070 0.108 54.29% 0.076 8.57% 
2 0.500 0.595 19.00% 0.507 1.40% 
3 0.500 0.624 24.80% 0.534 6.80% 
4 0.500 0.664 32.80% 0.630 26.00% 
5 2.500 3.249 29.96% 2.771 10.84% 
6 2.500 2.347 -6.12% 2.252 -9.92% 






4.1.2 Narrow channel upward flow tests 
The centerline data collected by both conventional probe and the DCCP-4 for all 
tests is plotted in Figure 4.25 through Figure 4.40. The previous data (Ishii et al, 2000) has 
the same flow condition and is also plotted in these figures.  
 
 
Figure 4.25 Comparison of void fraction measurements for Run 8 



















































































Figure 4.26 Comparison of interfacial area measurements for Run 8 
 



































































































Figure 4.27 Comparison of bubble velocity measurements for Run 8 
 




































































Figure 4.28 Comparison of bubble frequency measurements for Run 8 
 



































































Figure 4.29 Comparison of void fraction measurements for Run 12 
 























































































Figure 4.30 Comparison of interfacial area measurements for Run 12 
 






























































































Figure 4.31 Comparison of bubble velocity measurements for Run 12 
 
































































Figure 4.32 Comparison of bubble frequency measurements for Run 12 
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Figure 4.33 Comparison of void fraction measurements for Run 16 
 























































































Figure 4.34 Comparison of interfacial area measurements for Run 16 
 






























































































Figure 4.35 Comparison of bubble velocity measurements for Run 16 
 




































































Figure 4.36 Comparison of bubble frequency measurements for Run16 
 



































































Figure 4.37 Comparison of void fraction measurements for Run 17 
 























































































Figure 4.38 Comparison of interfacial area measurements for Run 17 
 

































































































Figure 4.39 Comparison of bubble velocity measurements for Run 17 
 







































































































































In general the DCCP-4 and conventional measurement are comparable. The 
measurements of total void fraction and interfacial velocity agree for both types of probes 
and for the previously collected data compare reasonably well, but the individual group 
void fraction measurements and the interfacial area concentration measurements show 
large deviations from the data collected in the previous experiments. This large deviation 
is probably due to the repeatability of the flow conditions, as some components have been 
replaced or repaired since the original data was collected.  The resulting changes in the 
initial void injection condition would explain the larger observed bubble sizes in the current 
data.  
 
These experiments verify the ability of the DCCP-4 to accurately measure two-phase 
flows.  Yet it is premature to say, based on the large error between local measurements of 
gas flux and rotameter measurements, that the conventional four-sensor probe has a defect. 
Actually the rotameter measurement has a large error itself, and the accuracy of the 
conventional four-sensor probe has been verified previously (Kim et al, 2000).  It is 
possible that some errors are due to defects in the manufacturing process. 
 
4.2 Summary 
Conventional conductivity probe designs lack the ability to detect droplets and 
measure the corresponding local flow quantities. In order to address this shortcoming, the 
DCCP has been designed at Purdue University. DCCP-2 is designed to detect droplets and 
DCCP-4 is to extend the DCCP-2 beyond bubbly flow regime. To evaluate the performance 




the experiments indicate that:The void fraction and bubble velocity measurements of the 
conventional probe and DCCP-4 are also comparable. The area-averaged void fraction 
measurements uncertainty is within 3% absolute error. The variation for area-averaged 
total IAC is within 23%, and the IAC uncertainty for group-1 or group-2 can be as large as 
41%. Comparison of probe measurements with total volumetric flux measurements 
indicates that the DCCP-4 has the capability to accurately measure void fraction and bubble 






CHAPTER 5. CONCLUSION  
The two-fluid model describes the two-phase flow most accurately by setting up field 
equations separately and use interfacial transfer conditions to describe interfacial transport 
phenomena. The interfacial transfer conditions can be described as interfacial area 
concentration times transfer rate. Thus the interfacial area concentrate is considered to be 
one of the most essential parameters to describe a two-phase flow. 
 
In order to accurately measure the interfacial concentration, the conductivity probes 
are developed. The conventional conductivity can be only used in gas dispersed flow 
regime and cannot detect the droplet inside the liquid dispersed flow. To overcome this 
defect, the new Droplet Capable Conductivity Probe are designed in TRSL in Purdue 
University. The DCCP-2 feasibility of detecting the droplet are verified by previous 
benchmark experiments performed by Liu and Yang et al..  
 
DCCP-4 is designed based on the concept of DCCP-2 which extend the application 
range to group two bubbles. Similar benchmark experiments are performed to benchmark 
the DCCP-4 as well. According to the results, DCCP-4 also shows a reliable performance. 




because of the reduction of probe cross section decrease the happen of missing bubble 
phenomenon. 
 
In general, the DCCP design has been proved to be reliable. The capability of DCCP 
to detect droplets has been verified. Moreover, improvements have been found for DCCP 
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Appendix A DCCP-4 Round Pipe Test Data 




Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
0.063 0.038 0.067 0.105 70.56 28.85 99.41 
0.01 0.031 0.071 0.102 43.88 30.16 74.04 
0.02 0.041 0.076 0.117 62.70 16.97 79.67 
0.03 0.040 0.101 0.141 58.79 21.76 80.54 
0.04 0.043 0.118 0.161 59.21 21.81 81.02 
0.05 0.043 0.130 0.173 57.86 22.86 80.72 
0.06 0.049 0.137 0.186 73.44 22.90 96.33 
0.07 0.055 0.148 0.203 81.39 24.26 105.65 
0.08 0.048 0.154 0.202 73.66 23.50 97.16 
0.09 0.049 0.156 0.205 75.04 24.57 99.62 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
0.063 0.555 0.709 0.563 509.49 71.19 580.68 
0.01 0.771 0.691 0.766 470.85 91.53 562.37 
0.02 0.720 0.622 0.716 614.24 88.47 702.71 
0.03 0.802 0.668 0.794 671.19 121.02 792.20 
0.04 0.812 0.713 0.803 705.76 139.32 845.08 
0.05 0.882 0.772 0.870 750.51 144.41 894.92 
0.06 0.808 0.687 0.796 827.80 139.32 967.12 
0.07 0.819 0.657 0.800 888.81 144.41 1033.22 
0.08 0.829 0.732 0.815 862.37 150.51 1012.88 
0.09 0.853 0.739 0.834 896.95 153.56 1050.51 











Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
0.063 0.080 0.286 0.365 118.67 81.31 199.98 
0.01 0.082 0.251 0.333 112.32 57.73 170.05 
0.02 0.073 0.361 0.433 93.44 51.15 144.59 
0.03 0.069 0.420 0.488 92.75 48.60 141.35 
0.04 0.080 0.443 0.523 109.94 43.57 153.52 
0.05 0.083 0.468 0.551 117.20 46.20 163.39 
0.06 0.078 0.493 0.571 110.31 44.06 154.37 
0.07 0.084 0.487 0.571 119.92 58.98 178.90 
0.08 0.080 0.499 0.579 111.93 63.09 175.02 
0.09 0.080 0.501 0.581 114.57 70.63 185.20 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
0.063 0.831 1.010 0.833 3153.56 565.42 3718.98 
0.01 0.959 1.018 0.960 3564.41 655.93 4220.34 
0.02 1.250 1.068 1.246 4114.58 910.17 5024.75 
0.03 1.341 1.373 1.342 4484.75 983.39 5468.14 
0.04 1.358 1.196 1.353 5087.80 850.17 5937.97 
0.05 1.452 1.331 1.448 5786.44 820.68 6607.12 
0.06 1.505 1.324 1.497 5690.85 831.86 6522.71 
0.07 1.495 1.323 1.486 6058.98 763.73 6822.71 
0.08 1.594 1.400 1.582 6157.63 859.32 7016.95 
0.09 1.585 1.452 1.577 6242.03 817.63 7059.66 










Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
0.063 0.066 0.221 0.287 102.39 63.52 165.91 
0.01 0.063 0.243 0.306 88.78 52.05 140.83 
0.02 0.073 0.259 0.332 110.83 39.52 150.35 
0.03 0.072 0.334 0.406 104.00 38.52 142.52 
0.04 0.075 0.390 0.465 110.61 39.85 150.47 
0.05 0.078 0.394 0.473 116.98 41.45 158.43 
0.06 0.085 0.419 0.504 130.12 40.96 171.08 
0.07 0.089 0.413 0.502 144.88 32.28 177.16 
0.08 0.090 0.418 0.508 143.36 38.25 181.61 
0.09 0.087 0.422 0.509 134.84 34.36 169.21 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
0.063 1.140 1.271 1.141 1585.42 252.20 1837.63 
0.01 1.372 1.582 1.377 1726.78 321.36 2048.14 
0.02 1.422 1.379 1.421 2187.46 296.95 2484.41 
0.03 1.588 1.362 1.581 2418.31 388.47 2806.78 
0.04 1.836 1.752 1.832 2926.78 467.80 3394.58 
0.05 1.847 1.764 1.842 3107.80 442.37 3550.17 
0.06 1.818 1.625 1.808 3280.68 383.39 3664.07 
0.07 1.730 1.552 1.722 3428.14 322.37 3750.51 
0.08 1.803 1.571 1.791 3523.73 320.34 3844.07 
0.09 1.836 1.583 1.820 3458.64 351.86 3810.51 










Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
0.063 0.030 0.087 0.118 46.16 28.03 74.19 
0.01 0.020 0.272 0.291 34.23 90.62 124.85 
0.02 0.032 0.258 0.290 40.80 60.13 100.93 
0.03 0.047 0.084 0.131 62.99 21.74 84.73 
0.04 0.047 0.123 0.169 61.49 28.39 89.88 
0.05 0.050 0.142 0.193 65.20 29.98 95.18 
0.06 0.048 0.178 0.226 61.56 34.18 95.74 
0.07 0.047 0.195 0.242 61.91 36.96 98.88 
0.08 0.049 0.197 0.245 62.33 35.94 98.28 
0.09 0.049 0.221 0.270 62.06 38.16 100.23 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
0.063 2.565 2.630 2.566 1794.92 305.08 2100.00 
0.01 2.683 3.135 2.689 1713.56 748.47 2462.03 
0.02 3.226 3.319 3.229 2411.19 997.63 3408.81 
0.03 3.317 3.236 3.313 3260.34 515.59 3775.93 
0.04 3.472 3.390 3.466 3511.53 751.53 4263.05 
0.05 3.571 3.444 3.558 3863.39 850.17 4713.56 
0.06 3.625 3.523 3.613 3828.81 1001.69 4830.51 
0.07 3.714 3.696 3.712 4004.75 1104.41 5109.15 
0.08 3.722 3.604 3.703 4035.25 1092.20 5127.46 
0.09 3.697 3.607 3.682 4057.63 1128.81 5186.44 










Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
0.063 0.052 0.292 0.344 61.38 73.61 134.99 
0.01 0.034 0.339 0.373 38.85 82.03 120.88 
0.02 0.029 0.527 0.556 32.34 73.55 105.89 
0.03 0.028 0.668 0.696 29.72 72.40 102.12 
0.04 0.030 0.750 0.780 32.59 79.54 112.13 
0.05 0.017 0.811 0.828 17.54 80.23 97.76 
0.06 0.016 0.844 0.860 16.52 111.94 128.46 
0.07 0.009 0.871 0.880 8.83 53.84 62.68 
0.08 0.008 0.886 0.894 8.19 100.90 109.09 
0.09 0.005 0.895 0.900 4.98 84.64 89.62 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
0.063 2.932 2.555 2.918 2791.53 1107.46 3898.98 
0.01 3.542 3.687 3.550 2421.36 1332.20 3753.56 
0.02 4.343 3.731 4.266 2652.20 1765.42 4417.63 
0.03 5.029 4.385 4.951 2769.15 1794.92 4564.07 
0.04 4.761 4.297 4.691 2790.51 1687.12 4477.63 
0.05 6.291 5.562 6.149 2307.46 2018.64 4326.10 
0.06 5.814 5.131 5.655 2152.88 2037.97 4190.85 
0.07 7.092 6.302 6.898 1722.71 2313.56 4036.27 
0.08 7.014 6.252 6.789 1634.24 2302.37 3936.61 
0.09 8.509 7.433 8.196 1374.92 2461.02 3835.93 










Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
0.063 0.000 0.425 0.425 0.08 58.82 58.90 
0.01 0.129 0.109 0.238 186.72 43.82 230.54 
0.02 0.157 0.170 0.327 188.53 61.84 250.38 
0.03 0.125 0.247 0.372 145.47 70.79 216.26 
0.04 0.122 0.343 0.465 129.21 83.48 212.69 
0.05 0.090 0.427 0.517 96.25 99.85 196.11 
0.06 0.084 0.475 0.560 85.57 100.88 186.45 
0.07 0.065 0.524 0.589 67.53 101.88 169.41 
0.08 0.061 0.557 0.618 59.91 102.17 162.08 
0.09 0.058 0.577 0.636 56.75 100.34 157.09 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
0.063 3.800 7.600 4.070 855.25 900.00 1755.25 
0.01 3.988 7.543 4.076 10109.49 1021.02 11130.51 
0.02 4.990 7.237 5.106 13015.93 1732.88 14748.81 
0.03 5.455 6.143 5.522 11925.76 2365.42 14291.19 
0.04 5.907 5.257 5.845 5836.27 1420.68 7256.95 
0.05 6.454 5.708 6.349 5252.54 1994.24 7246.78 
0.06 6.636 5.958 6.523 5001.36 2154.92 7156.27 
0.07 6.906 6.134 6.755 4467.46 2440.68 6908.14 
0.08 7.176 6.319 6.995 4222.37 2419.32 6641.69 
0.09 7.319 6.371 7.099 4129.83 2493.56 6623.39 






Table A.7 Detailed data for Run 1 with DCCP-4 
Probe Location 
[inch] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
0.063 0.057 0.026 0.083 147.14 13.08 160.22 
0.01 0.070 0.025 0.095 226.80 14.19 240.99 
0.02 0.044 0.064 0.108 79.63 14.68 94.31 
0.03 0.038 0.089 0.127 45.92 16.58 62.50 
0.04 0.051 0.091 0.142 72.73 18.91 91.64 
0.05 0.042 0.112 0.154 49.86 19.54 69.40 
0.06 0.048 0.135 0.182 62.28 20.98 83.26 
0.07 0.042 0.139 0.181 58.22 24.61 82.84 
0.08 0.032 0.150 0.181 31.85 18.87 50.72 
0.09 0.037 0.154 0.190 42.22 21.47 63.69 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
0.063 0.428 0.194 0.426 1049.49 40.68 1090.17 
0.01 0.402 0.157 0.401 1227.46 29.49 1256.95 
0.02 0.470 0.428 0.469 821.69 81.36 903.05 
0.03 0.714 0.705 0.713 783.05 134.24 917.29 
0.04 0.507 0.529 0.508 832.88 113.90 946.78 
0.05 0.689 0.691 0.689 817.63 151.53 969.15 
0.06 0.685 0.660 0.683 988.47 161.69 1150.17 
0.07 0.594 0.478 0.580 837.97 160.68 998.64 
0.08 1.007 0.916 0.993 802.37 207.46 1009.83 
0.09 0.804 0.838 0.809 841.02 187.12 1028.14 






Table A.8 Detailed data for Run 2 with DCCP-4 
Probe Location 
[inch] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
0.063 0.057 0.026 0.083 147.14 13.08 160.22 
0.01 0.127 0.121 0.248 128.40 24.04 152.45 
0.02 0.123 0.214 0.337 129.15 31.66 160.81 
0.03 0.094 0.376 0.470 79.94 45.39 125.34 
0.04 0.124 0.425 0.549 131.63 40.84 172.47 
0.05 0.064 0.550 0.614 47.46 40.48 87.94 
0.06 0.100 0.537 0.637 90.16 36.86 127.02 
0.07 0.099 0.560 0.659 90.44 39.42 129.86 
0.08 0.067 0.598 0.666 52.08 42.28 94.36 
0.09 0.094 0.586 0.680 85.39 39.54 124.94 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
0.063 0.428 0.194 0.426 1049.49 40.68 1090.17 
0.01 0.972 0.991 0.972 4871.19 416.95 5288.14 
0.02 0.947 0.826 0.945 4844.75 557.29 5402.03 
0.03 1.014 0.895 0.970 5111.19 1159.32 6270.51 
0.04 1.090 0.984 1.086 5688.81 802.37 6491.19 
0.05 1.386 1.121 1.203 4890.51 1752.20 6642.71 
0.06 1.420 1.332 1.414 5428.47 1034.24 6462.71 
0.07 1.488 1.362 1.478 5160.00 1140.00 6600.00 
0.08 1.493 1.405 1.499 5162.03 1649.49 6811.53 
0.09 1.523 1.525 1.523 5573.90 1050.51 6624.41 






Table A.9 Detailed data for Run 3 with DCCP-4 
Probe Location 
[inch] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
0.063 0.057 0.026 0.083 147.14 13.08 160.22 
0.01 0.046 0.221 0.267 91.91 27.28 119.19 
0.02 0.081 0.252 0.333 126.67 29.03 155.71 
0.03 0.073 0.356 0.429 117.32 35.37 152.70 
0.04 0.099 0.410 0.509 84.86 78.38 163.24 
0.05 0.086 0.365 0.451 87.22 13.96 101.18 
0.06 0.100 0.413 0.513 170.05 69.40 239.44 
0.07 0.087 0.414 0.501 118.57 43.86 162.43 
0.08 0.086 0.412 0.499 105.97 28.35 134.32 
0.09 0.103 0.433 0.536 139.74 9.63 149.37 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
0.063 0.428 0.194 0.426 1049.49 40.68 1090.17 
0.01 1.185 1.151 1.266 1716.79 292.78 2009.57 
0.02 1.084 1.199 1.143 2299.15 277.20 2576.34 
0.03 1.267 1.331 1.505 2579.50 410.04 2989.53 
0.04 1.759 1.598 1.423 2832.73 424.19 3256.92 
0.05 1.441 1.672 1.609 2988.46 468.92 3457.37 
0.06 1.720 1.305 1.462 3719.88 336.21 4056.08 
0.07 1.701 1.333 1.503 3012.07 340.83 3352.89 
0.08 1.607 1.102 1.731 3870.41 319.64 4190.05 
0.09 1.636 1.551 1.793 3830.61 385.36 4215.97 






Table A.10 Detailed data for Run 4 with DCCP-4 
Probe Location 
[inch] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
0.063 0.057 0.026 0.083 147.14 13.08 160.22 
0.01 0.012 0.311 0.323 24.25 99.62 123.87 
0.02 0.025 0.293 0.318 30.42 69.13 99.55 
0.03 0.041 0.120 0.161 52.23 30.74 82.98 
0.04 0.040 0.159 0.199 51.49 37.39 88.88 
0.05 0.045 0.181 0.226 54.50 38.98 93.48 
0.06 0.043 0.200 0.243 51.17 43.18 94.34 
0.07 0.042 0.215 0.257 49.17 45.96 95.13 
0.08 0.043 0.219 0.262 51.15 44.94 96.09 
0.09 0.043 0.241 0.284 50.47 47.16 97.63 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
0.063 0.428 0.194 0.426 1049.49 40.68 1090.17 
0.01 1.956 2.698 2.093 1517.40 917.40 2434.80 
0.02 2.665 2.850 2.798 2257.20 1159.20 3416.40 
0.03 2.717 2.713 2.907 3016.80 677.40 3694.20 
0.04 2.817 2.898 2.845 3321.60 920.40 4242.00 
0.05 2.949 2.917 3.155 3679.80 1092.00 4771.80 
0.06 3.050 3.047 3.263 3574.20 1150.20 4724.40 
0.07 3.055 3.098 3.085 3673.20 1320.00 4993.20 
0.08 3.113 3.116 3.330 3742.80 1327.80 5070.60 
0.09 3.013 3.185 3.224 3742.80 1283.40 5026.20 






Table A.11 Detailed data for Run 5 with DCCP-4 
Probe Location 
[inch] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
0.063 0.057 0.026 0.083 50.07 86.46 136.53 
0.01 0.030 0.352 0.382 32.69 97.14 129.83 
0.02 0.026 0.546 0.573 27.76 87.34 115.10 
0.03 0.025 0.693 0.719 25.03 87.21 112.24 
0.04 0.026 0.778 0.804 25.15 95.95 121.10 
0.05 0.016 0.840 0.856 14.69 95.43 110.12 
0.06 0.014 0.874 0.889 13.44 133.18 146.63 
0.07 0.008 0.902 0.910 7.19 124.00 131.19 
0.08 0.007 0.918 0.925 6.40 122.67 129.07 
0.09 0.004 0.927 0.931 4.24 105.39 109.63 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
0.063 0.428 0.194 0.426 1049.49 40.68 1090.17 
0.01 2.869 3.060 2.947 2191.01 1281.82 3472.83 
0.02 3.474 3.134 3.455 2417.96 1726.20 4144.16 
0.03 4.274 3.639 3.961 2544.02 1702.01 4246.03 
0.04 3.904 3.523 3.988 2429.17 1513.46 3942.63 
0.05 5.285 4.672 5.042 1954.74 1982.85 3937.59 
0.06 4.826 4.259 4.750 1787.06 1976.91 3763.97 
0.07 5.957 5.105 5.725 1500.10 2125.21 3625.32 
0.08 5.822 5.002 5.702 1435.78 2174.29 3610.07 
0.09 6.977 6.318 6.803 1232.32 2432.67 3664.99 






Table A.12 Detailed data for Run 6 with DCCP-4 
Probe Location 
[inch] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
0.063 0.000 0.100 0.100 0.12 51.17 51.29 
0.01 0.124 0.118 0.242 142.72 57.00 199.72 
0.02 0.146 0.186 0.332 150.17 79.89 230.06 
0.03 0.115 0.260 0.375 109.92 93.67 203.59 
0.04 0.113 0.367 0.481 104.08 104.64 208.72 
0.05 0.086 0.459 0.545 76.91 132.51 209.43 
0.06 0.078 0.492 0.570 64.15 126.53 190.68 
0.07 0.058 0.564 0.622 50.62 131.58 182.21 
0.08 0.056 0.607 0.663 45.44 128.48 173.92 
0.09 0.053 0.614 0.667 42.35 129.98 172.34 




Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
0.063 0.428 0.194 0.426 1049.49 40.68 1090.17 
0.01 3.746 7.015 3.704 8827.51 1177.34 10004.85 
0.02 4.723 6.730 4.840 10457.39 2037.75 12495.14 
0.03 5.135 5.713 4.958 9493.50 2808.75 12302.25 
0.04 5.737 4.889 5.605 4659.80 1629.63 6289.43 
0.05 6.248 5.309 6.039 4235.60 2372.52 6608.12 
0.06 6.269 5.541 5.810 4113.22 2468.13 6581.35 
0.07 6.663 5.705 6.017 3664.07 2786.16 6450.23 
0.08 7.063 5.877 6.305 3340.61 2717.07 6057.68 
0.09 7.113 5.925 6.294 3485.54 2825.20 6310.74 





Appendix B DCCP-4 Narrow Channel Test Data 
Table B.1 Detailed data for Run 8 with conventional four-sensor probe 
Probe Location 
[mm] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
3 0.046 0.000 0.046 104.76 0.06 104.83 
6 0.060 0.002 0.061 98.74 0.87 99.61 
10 0.083 0.008 0.090 153.06 3.48 156.54 
20 0.061 0.008 0.069 56.71 10.00 66.71 
30 0.101 0.041 0.142 166.68 12.43 179.11 
40 0.097 0.034 0.131 150.86 11.06 161.92 
50 0.094 0.031 0.125 91.00 12.44 103.44 
60 0.079 0.045 0.124 71.41 14.96 86.37 
70 0.072 0.059 0.130 68.08 20.18 88.26 
80 0.072 0.060 0.132 58.89 17.35 76.24 
90 0.069 0.050 0.119 88.59 14.64 103.23 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
3 1.743 1.810 1.793 2169.76 1.73 2171.49 
6 1.580 2.127 1.705 2744.46 9.00 2753.46 
10 1.446 2.128 1.840 3699.28 50.93 3750.21 
20 2.000 2.200 2.100 4297.81 677.23 4975.04 
30 2.383 2.354 2.254 4147.96 311.05 4459.01 
40 1.847 2.506 2.386 4350.22 266.05 4616.27 
50 2.655 2.660 2.488 5121.33 192.80 5314.13 
60 2.144 2.769 2.691 3550.77 280.36 3831.13 
70 2.864 3.131 2.848 4281.41 393.29 4674.70 
80 2.718 3.104 2.875 3445.80 371.89 3817.69 
90 2.694 3.010 2.825 4070.48 387.17 4457.65 






Table B.2 Detailed data for Run 12 with conventional four-sensor probe 
Probe Location 
[mm] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
3 0.053 0.027 0.080 130.54 9.91 140.45 
6 0.055 0.098 0.153 112.31 20.84 133.15 
10 0.053 0.158 0.211 101.18 28.28 129.46 
20 0.062 0.195 0.257 114.26 37.10 151.36 
30 0.062 0.174 0.236 113.56 29.63 143.19 
40 0.069 0.168 0.237 120.11 32.15 152.26 
50 0.062 0.194 0.256 107.61 31.96 139.57 
60 0.055 0.212 0.266 93.99 34.74 128.74 
70 0.053 0.208 0.261 88.37 30.72 119.09 
80 0.054 0.206 0.259 90.02 28.65 118.67 
90 0.060 0.174 0.234 104.52 25.73 130.25 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
3 3.717 3.988 4.656 5047.30 238.63 5285.93 
6 3.512 4.167 4.554 4965.65 847.37 5813.02 
10 3.765 4.089 4.556 4512.61 1422.64 5935.25 
20 3.364 4.425 4.376 4873.99 1685.50 6559.48 
30 3.764 4.221 4.501 4964.39 1471.14 6435.53 
40 3.755 4.585 4.561 5347.42 1530.63 6878.05 
50 3.650 4.470 4.790 5221.08 1707.26 6928.34 
60 3.760 4.925 4.943 4878.45 1860.74 6739.19 
70 3.962 4.884 5.123 4560.83 1769.40 6330.23 
80 3.804 5.237 5.074 4910.21 1801.96 6712.16 
90 3.997 4.853 4.991 5143.09 1462.99 6606.08 






Table B.3 Detailed data for Run 16 with conventional four-sensor probe 
Probe Location 
[mm] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
3 0.045 0.003 0.048 126.75 1.46 128.20 
6 0.057 0.011 0.067 84.32 4.57 88.90 
10 0.044 0.015 0.059 86.40 5.54 91.95 
20 0.051 0.047 0.098 96.41 13.09 109.50 
30 0.061 0.113 0.173 100.68 27.76 128.43 
40 0.050 0.168 0.218 92.52 30.86 123.38 
50 0.036 0.246 0.282 62.13 37.74 99.87 
60 0.041 0.263 0.304 63.64 40.46 104.10 
70 0.036 0.291 0.327 53.83 42.55 96.38 
80 0.040 0.291 0.331 60.97 43.59 104.56 
90 0.033 0.298 0.331 59.82 46.06 105.88 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
3 1.718 1.489 1.789 2010.36 18.93 2029.29 
6 2.215 1.748 2.333 2151.96 86.31 2238.27 
10 1.875 1.838 1.947 2645.41 84.04 2729.46 
20 1.934 1.855 2.019 3138.61 215.01 3353.63 
30 2.021 1.881 2.124 2691.12 458.97 3150.09 
40 2.097 1.984 2.156 3752.15 635.10 4387.25 
50 2.495 2.341 2.540 2586.53 1032.68 3619.21 
60 2.561 2.377 2.624 2571.63 1144.44 3716.07 
70 2.756 2.577 2.822 2108.25 1289.38 3397.63 
80 2.605 2.492 2.690 2411.17 1323.71 3734.88 
90 2.424 2.481 2.465 2561.52 1025.60 3587.12 






Table B.4 Detailed data for Run 17 with conventional four-sensor probe 
Probe Location 
[mm] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
3 0.069 0.000 0.069 119.05 0.00 119.05 
6 0.068 0.002 0.070 122.28 0.90 123.18 
10 0.065 0.012 0.076 123.90 7.99 131.89 
20 0.064 0.083 0.147 120.60 24.16 144.75 
30 0.068 0.182 0.250 105.63 45.49 151.12 
40 0.051 0.190 0.241 79.18 49.42 128.60 
50 0.058 0.216 0.275 83.02 43.91 126.93 
60 0.055 0.202 0.256 87.53 47.02 134.55 
70 0.056 0.154 0.210 85.38 42.17 127.55 
80 0.045 0.169 0.214 84.04 43.87 127.91 
90 0.063 0.161 0.224 94.66 41.08 135.74 





Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
3 1.949 0.000 1.708 2845.96 0.00 2845.96 
6 1.709 2.045 1.794 3357.49 9.37 3366.86 
10 1.947 1.981 1.689 3221.57 45.82 3267.40 
20 2.133 2.143 1.990 3561.44 343.74 3905.18 
30 1.990 1.837 2.134 3136.69 598.82 3735.51 
40 2.324 2.516 2.247 3701.75 1050.09 4751.83 
50 2.393 2.400 2.203 3717.01 868.89 4585.90 
60 2.446 2.326 2.239 3190.51 868.88 4059.38 
70 2.357 2.088 2.405 3503.05 733.31 4236.35 
80 2.358 2.624 2.662 3622.16 665.61 4287.77 
90 2.039 2.221 2.362 3611.11 724.23 4335.34 






Table B.5 Detailed data for Run 8 with DCCP-4 
Probe 
Location [mm] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
3 0.044 0.000 0.044 88.77 0.09 88.86 
6 0.057 0.002 0.059 105.52 1.22 106.74 
10 0.079 0.009 0.088 123.24 4.91 128.14 
20 0.058 0.098 0.156 66.49 38.44 104.93 
30 0.097 0.048 0.145 125.49 17.51 143.00 
40 0.092 0.040 0.132 119.14 15.58 134.71 
50 0.089 0.037 0.126 114.40 17.52 131.92 
60 0.075 0.053 0.128 89.74 21.08 110.81 
70 0.068 0.069 0.137 77.45 28.43 105.87 
80 0.069 0.071 0.139 77.08 24.44 101.52 
90 0.066 0.059 0.124 78.83 20.62 99.45 




Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
3 1.846 0.000 1.846 2117.29 2.03 2119.32 
6 1.756 2.033 1.756 2462.03 12.20 2474.24 
10 1.896 1.797 1.895 3137.29 57.97 3195.25 
20 3.799 3.366 3.711 3780.00 969.15 4749.15 
30 2.324 2.285 2.321 4123.73 338.64 4462.37 
40 2.459 2.433 2.457 4092.20 298.98 4391.19 
50 2.565 2.524 2.562 4073.90 286.78 4360.68 
60 2.777 2.713 2.771 3569.49 416.95 3986.44 
70 2.953 2.783 2.932 3380.34 553.22 3933.56 
80 2.961 2.954 2.960 3395.59 565.42 3961.02 
90 2.912 2.884 2.909 3380.34 469.83 3850.17 






Table B.6 Detailed data for Run 12 with DCCP-4 
Probe 
Location [mm] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
3 0.044 0.031 0.076 77.08 12.31 89.40 
6 0.046 0.113 0.159 65.71 25.89 91.60 
10 0.045 0.182 0.227 58.73 35.14 93.87 
20 0.052 0.224 0.277 66.00 46.10 112.10 
30 0.052 0.201 0.253 65.78 36.81 102.59 
40 0.058 0.193 0.251 69.63 39.94 109.57 
50 0.052 0.224 0.276 62.17 39.70 101.87 
60 0.046 0.244 0.290 54.18 43.17 97.34 
70 0.045 0.239 0.284 50.97 38.17 89.14 
80 0.045 0.237 0.282 51.93 35.59 87.52 
90 0.050 0.201 0.251 60.54 31.97 92.50 




Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
3 4.067 3.144 4.054 4133.90 312.41 4446.31 
6 4.015 3.346 3.965 3874.58 1018.58 4893.15 
10 4.075 3.312 3.966 3812.54 1646.64 5459.19 
20 3.904 3.479 3.809 4154.24 1915.12 6069.36 
30 4.014 3.551 3.919 4219.32 1786.58 6005.90 
40 4.047 3.591 3.970 4502.03 1732.88 6234.92 
50 4.282 3.757 4.170 4313.90 2079.46 6393.36 
60 4.411 3.990 4.303 4041.36 2281.22 6322.58 
70 4.577 4.092 4.460 3910.17 2240.54 6150.71 
80 4.490 4.227 4.418 3957.97 2242.17 6200.14 
90 4.417 4.117 4.345 4220.34 1856.54 6076.88 






Table B.7 Detailed data for Run 16 with DCCP-4 
Probe 
Location [mm] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
3 0.051 0.003 0.055 97.98 1.79 99.77 
6 0.047 0.011 0.058 60.30 5.61 65.91 
10 0.051 0.015 0.066 66.84 6.80 73.64 
20 0.050 0.048 0.099 71.92 16.07 87.99 
30 0.052 0.115 0.167 72.40 34.07 106.47 
40 0.050 0.172 0.222 69.30 37.88 107.18 
50 0.034 0.251 0.285 45.58 46.33 91.90 
60 0.035 0.269 0.304 45.80 49.67 95.46 
70 0.030 0.298 0.328 38.50 52.23 90.72 
80 0.033 0.298 0.330 43.42 53.51 96.93 
90 0.036 0.305 0.341 45.70 56.54 102.24 




Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
3 1.865 1.391 1.860 2120.00 20.00 2140.00 
6 2.197 1.633 2.176 1605.00 72.00 1677.00 
10 2.036 1.718 2.026 1734.00 89.00 1823.00 
20 2.014 1.733 1.996 1939.00 203.00 2142.00 
30 2.017 1.758 1.997 2083.00 389.00 2472.00 
40 2.194 1.855 2.144 2292.00 607.00 2899.00 
50 2.548 2.188 2.453 2024.00 927.00 2951.00 
60 2.559 2.221 2.468 2062.00 972.00 3034.00 
70 2.735 2.408 2.632 1921.00 1076.00 2997.00 
80 2.572 2.329 2.495 2047.00 1092.00 3139.00 
90 2.594 2.319 2.520 2086.00 1043.00 3129.00 






Table B.8 Detailed data for Run 17 with DCCP-4 
Probe 
Location [mm] 
Void Fraction [-] IAC [1/m] 
G1 G2 Total G1 G2 Total 
3 0.058 0.000 0.058 87.67 0.00 87.67 
6 0.066 0.002 0.068 98.53 1.07 99.60 
10 0.061 0.011 0.072 94.71 9.52 104.23 
20 0.065 0.082 0.147 88.64 28.85 117.49 
30 0.059 0.174 0.233 74.69 54.59 129.28 
40 0.043 0.221 0.264 56.99 59.42 116.41 
50 0.048 0.220 0.269 62.71 52.73 115.44 
60 0.050 0.206 0.256 63.49 56.55 120.04 
70 0.051 0.190 0.241 65.16 50.82 115.98 
80 0.047 0.188 0.235 59.11 52.87 111.98 
90 0.053 0.188 0.240 66.43 49.26 115.69 




Bubble Velocity [m/s] Bubble Frequency [#/min] 
G1 G2 Average G1 G2 Total 
3 1.918 0.000 1.918 2013.56 0.00 2013.56 
6 1.948 1.789 1.947 2374.58 11.19 2385.76 
10 1.813 1.654 1.812 2197.63 53.90 2251.53 
20 2.029 1.871 2.017 2604.41 390.51 2994.92 
30 2.182 1.996 2.153 2620.68 764.75 3385.42 
40 2.456 2.226 2.395 2499.66 1113.56 3613.22 
50 2.371 2.275 2.346 2581.02 1008.81 3589.83 
60 2.321 2.206 2.293 2514.92 955.93 3470.85 
70 2.400 2.193 2.353 2586.10 921.36 3507.46 
80 2.429 2.233 2.385 2412.20 900.00 3312.20 
90 2.287 2.181 2.265 2557.63 850.17 3407.80 
100 2.451 2.216 2.404 2507.80 888.81 3396.61 
 
 
 
